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Abstract

Basal cell carcinoma (BCC) is the most common malignancy in Caucasians. Surgical excision is the gold standard for
treating BCC; however, poorly defined borders often challenge complete removal. Therefore, there is a need for efficient
imaging techniques to enable visual and quantitative evaluation of BCC tumor borders before and during surgery. In this
study, we aimed to develop a mathematical algorithm for tumor border delineation using nonlinear optical microscopy.
Two-photon excitation auto-fluorescence (2PEF) and second-harmonic generation (SHG) images were acquired from
nodular, micronodular, and infiltrative BCC skin sections. Fast Fourier transform (FFT) analysis was executed on two-
dimensional SHG images, to characterize the collagen fibre structure. Based on differences in the collagen fiber network
between healthy tissue and the tumor microenvironment, a heatmap was generated to visualize the predicted tumor borders
of BCC skin sections. Spatial grid resolution proved to be a critical parameter for FFT analysis, with the highest border
delineation accuracy achieved using a unit cell size of 0.14x0.14 mm?. Smaller unit cells led to the omission of small
tumor nests, whereas larger unit cells reduced sensitivity by including normal anatomical structures, such as hair follicles,
within the predicted tumor border.

Keywords Nonlinear optical microscopy - Second harmonic generation - Fast Fourier transform - Basal cell carcinoma -
Tumor border delineation - Collagen fiber analysis - Intraoperative diagnosis

Introduction

Basal cell carcinoma (BCC) is the most common malig-
nancy in Caucasians. Although BCCs rarely metastasize,
local tissue invasion may lead to severe health and cosmetic
damage, and inoperability. The gold standard in the ther-
apy of BCC is surgical excision. Clinicians, however, may
encounter several challenges [1]. First, diagnosis of BCC
cannot always be established solely based on physical and
dermoscopic examination. Next, BCCs often have poorly
defined borders that challenge complete surgical removal
[2]. The growing need in oncology for label-free optical
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margin assessment, leading to a rapid and resource-efficient
optical alternative for healthcare providers [4].

To date, the gold standard in the diagnosis of BCC is
histopathology, which is largely based on hematoxylin and
eosin (H&E) stained sections. Therefore, there is a demand
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for efficient imaging techniques for visualization of BCC
cells and numerical evaluation of the tumor borders of BCC
prior to and during surgery. Previous work observed an
increased collagen fiber length, decreased fiber angle and
significantly higher fiber alignment of collagen fibers in
BCC with these techniques [5]. Nonlinear optical micros-
copy (NLM) including SHG and 2PEF has already been
used in clinical settings too, to acquire images of BCCs
from multiple depths [6]. In this study, morphological fea-
tures of superficial, nodular and micronodular BCCs were
described, mainly based on their 2PEF signal. Character-
istic histological features of BCCs were revealed, although
the lower penetration depth and lower field of view disabled
the assessment of tumor border in case of thicker lesions
and infiltrative BCCs. In another study, coherent anti-Stokes
Raman scattering (CARS), SHG and 2PEF imaging was
combined with Raman spectroscopy for morphological and
chemical examination of BCC. The authors highlighted an
increased intracellular lipid content in aggressive BCCs,
although morphological assessment of tumor sites was
challenging [7]. Another study combined diffuse reflectance
spectroscopy with optical coherence tomography and high-
frequency ultrasound to differentiate subtypes of basal cell
carcinoma and benign neoplasms [8].

In this paper, we utilize second-harmonic generation
(SHG) microscopy for mosaic imaging of the collagen
structure of BCC skin samples and two-photon excitation
fluorescence (2PEF) imaging to visualize keratin of the skin
cells.We carried out fast Fourier transform (FFT) analysis
on mosaic SHG images of skin sections from different BCC
subtypes (nodular, micronodular and infiltrative BCC). Our
aim was to investigate collagen structure in order to delin-
eate tumor borders, and if possible, to differentiate between
BCC subtypes. Our result shows that SHG images were
suitable for FFT analysis, and in most BCC subtypes, tumor
borders could be delineated. However, combination with
2PEF images is necessary, as small tumor nests and adnexal
structures may distort the analysis.

Methods

For the SHG and 2PEF imaging, a fiber coupled version of our
~ 20 MHz repetition rate, tunable, sub-ps Ti: sapphire laser
(FemtoRose TUN LC GTI, R&D Ultrafast Lasers Ltd., Buda-
pest, Hungary, see Ref [9]. for details) was used with an oper-
ation wavelength set around ~ 800 nm. The relatively small
(AX ~ 1 nm) spectral bandwidth of the laser allows distortion
free fiber delivery of the optical pulses through a ~ 1.8 m long
HC-800-2 type, commercial hollow core photonic bandgap
fiber with honeycomb structure (product of NKT Photonics,
Denmark [9]). Violet (405/20 nm) and orange (590/40 nm)
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band-pass emission filters were respectively installed to our
LSM 7 MP microscope in order to spectrally select SHG and
2PEF signals. For focusing of the laser beam, a 20x water
immersion objective (W-Plan — APOCHROMAT 20x/1,0
DIC (UV) VIS-IR, Carl Zeiss AG, Germany) was employed
providing a field of view (FOV) of ~ 0.42 x 0.42 mm?.

In this study, four nodular, four micronodular and
four infiltrative BCC samples were analysed. The age
of the patients was 67.6+16 (nodular BCC), 68.9+13.5
(micronodular BCC) and 69.7+12.2 (infiltrative BCC).
Samples were formalin-fixed and paraffin-embedded, then
50 pm thick deparaffinized sections orthogonal to the skin
surface were prepared.

FFT was carried out on mosaic SHG images of every BCC
subtype to measure the degree of organization and symme-
try of collagen fibers using a public domain image process-
ing software (ImagelJ) [10]. Individual FOVs (~ 0.42 x 0.42
mm?) were divided into 4 (2 x 2), 9 (3 x 3), 16 (4 x 4) or 25
(5 x 5) even quadrangles (that we refer to as unit cells), for
more precise spatial analysis. All unit cells with a total inten-
sity above a certain threshold went through FFT analysis. As
during imaging, rectangular areas are captured, empty FOVs
appear at corners of the mosaic image, which are absent of
any skin section. The raw intensity density value of these
FOVs were used to determine our threshold value before
FFT analysis. FFT output images were converted to power
plots for more accurate analysis. As the eccentricity of the
power plots reflect the arrangement of the collagen fibers, an
ellipse was fitted to each power plot. We calculated collagen
orientation (CO) index as the ratio of long-axis/short-axis
of this ellipse. Previously CO index was used to describe
collagen fiber morphology in healthy skin fibers exposed
to load and collagen network around basal cell cancer nests
[5, 11, 12]. Based on the axes of the ellipses gained from
FFT transformation, a heatmap was created, where a higher
longer/shorter axis ratio was and therefore was attributed
red color. Maximum value of the CO index was truncated
to 3 for better contrast in the corresponding heatmap. A cir-
cular power plot (CO < 1.5) reflects the isotropic behavior
of ,healthy collagen” in healthy skin and was displayed in
blue. An elongated power plot (CO > 2) indicates parallelly
oriented fibers, corresponding to collagen aligning the tumor
nests and was displayed in red color. Heat map plots were
generated by using MATLAB software.

Results

FFT analysis was carried out in four nodular, four micronodu-
lar and four infiltrative BCC skin sections. In all cases, every
FOV was divided into smaller quadrangles, as described
above. In Fig. 1, SHG and 2PEF mosaic image of a nodular
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BCC is shown, with the outcome of multiple FFT analyses.
On the multiphoton images (Fig. 1A), a large tumor mass
is visible in the orange 2PEF channel that occupies the epi-
dermis and dermis, surrounded by broad collagen fibers in
the magenta SHG channel. Our result shows that accuracy
of FFT analysis highly depends on the size of the analyzed
FOVs. During the FFT analysis of different-sized quadran-
gles, we found that division of individual 0.42 % 0.42 mm?
images to 9 (3%3) unit cells gave the best results regard-
ing resolution and accuracy to highlight BCC tumor nests
(see Fig. 1). When cells with smaller size were analyzed,
differences between straight and curved fibers became less
prominent. However, increasing the unit cell size does not
improve predictive accuracy, as it results in the omission of
small tumor nests inside the examined quadrangle (Fig. 1).

Although the infiltrative subtype was characterized by
thick collagen bundles, setting unit cell size was challeng-
ing (data not shown). Applying a grid with high resolution
again led to weaker accuracy, however, small tumor nests
were omitted when unit cell size was increased.

Fig. 1 Stain-free two-photon emission fluorescence (2PEF, orange)
and second-harmonic generation (SHG, magenta) mosaic image of
a deparaffinized nodular basal cell cancer section. For the imaging,
a fiber coupled~20 MHz repetition rate, tunable, sub-ps Ti: sapphire
laser (FemtoRose TUN LC GTI, R&D Ultrafast Lasers Ltd., Budapest,
Hungary) was used with an ~800 nm central wavelength. To capture
the SHG signal of collagen (magenta), a 405/20 nm emission filter
was used, for the 2PEF signal of keratin (orange), a 590/40 nm band-
pass filter was used. (A) Mosaic image size: 4.2 mm x 4.2 mm. (B-E)

A micronodular BCC is shown in Fig. 2. Small tumor
nests are visible in the 2PEF channel, which are surrounded
by broad, straight collagen fibers, compared to deeper
regions of the dermis that contain healthy collagen. In the
heatmap, not only the tumor border is indicated with high
CO (red color), but the inner part of the tumor too, that cor-
responds to the micronodular histological subtype.

Our results indicate that thin collagen fibers are more dif-
ficult to analyze, which often results in false CO ratios (sup-
porting data are omitted for brevity). We realized that small
tumor nests have better visibility if they are surrounded by
thicker collagen bundles. Large nodular BCCs are less accu-
rately delineated in the heatmap, if the surrounding collagen
fibers are thin, even if they are quite parallelly oriented.

An additional observation was that collagen fibers around
hair follicles result in similar CO ratios as those around
tumor nests (Fig. 3). To avoid misinterpretation, we used
the 2PEF channel to differentiate between tumor nests and
hair follicles. However, the SHG channel and the calculated
CO alone is not indicative for the tumor border.

Heatmaps (collagen orientation (CO) ratio maps) calculated for dif-
ferent spatial resolution. An individual NLM image was divided into
(B):2x2,(C): 3x3, (D): 4x4, (E): 5x5 even quadrangles (unit cells)
for FFT analysis to determine CO ratio maps. Higher CO corresponds
to collagen around the tumor, lower CO indicates healthy connective
tissue. (F) Corresponding hematoxylin and eosin stained histopatho-
logical image. Red line: tumor border, red arrows: BCC nest. Scale bar
displays 200 pm
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Fig. 2 Stain-free two-photon emission fluorescence (2PEF, orange)
and second-harmonic generation (SHG, magenta) mosaic image of a
deparaffinized micronodular basal cell cancer section. Imaging setup
is the same as in case of Fig. 1. (A) Mosaic image size: 4.62 mm x
3.78 mm. Individual image size in mosaic image: 420 x 420 um>. (B)
Corresponding heatmap of collagen orientation (CO) index with every

Discussion

In this paper, we investigated the collagen fiber structure
of nodular, micronodular and infiltrative BCC in order to
delineate tumor borders. SHG and 2PEF signals of BCC
skin sections were captured. Mosaic images underwent FFT
analysis and the acquired collagen orientation index was
used for contour delineation to identify the regular districts
from the BCC regions. As collagen fibers in healthy skin are
wavier, whereas around tumor nests these are more paral-
lelly organized, numerical analysis of FFT images revealed
higher long axis/short axis ratio in BCC samples around
tumor nests compared to the healthy dermis. This higher
CO leads to a numerical delineation of the tumor boundary,
that was visualized on a heatmap. However, we experienced
some artefacts that have to be considered during evaluation
of these numerical results. We found that accuracy of FFT
analysis highly depends on the unit cell size parameters
(resolution, physical dimension of rectangular image por-
tions) used for FFT. The higher the resolution of the analysis
- smaller size of a distinct unit cell that underwent FFT -, the
more challenging it was to distinguish between benign and
malignant areas. This was due to the fact that the wavy char-
acter of collagen in the healthy dermis is lost, if it is evalu-
ated in smaller unit cells. Thus, further analyses are needed
to establish the most suitable size of the examined units.
Also, for thinner collagen fibers, the analysis appeared to

@ Springer

field of view divided into 3 x 3 even quadrangles. Higher corresponds
to collagen around the tumor, lower CO indicates healthy connective
tissue. (C) Corresponding hematoxylin and eosin stained histopatho-
logical image. Red line: tumor border, red arrows: BCC nest. Scale bar
displays 200 pm

be less accurate. This posed challenges especially in case of
nodular BCCs, where collagen fibers around the tumor nest
appeared to be considerably thinner than in healthy collagen
bundles. Finally, cross-sectional images of hair follicles and
sebaceous glands and surrounding collagen fibers are prone
to misinterpretation due to their similarly organized orien-
tation to those around smaller tumor nests. As SHG imag-
ing itself does not provide information on cellular structure.
However, combination with 2PEF imaging proved to be
helpful as it gives additional information on cellular mor-
phology, so distinguishing between basal cell cancer cells
and adnexal structures becomes feasible.

During our experiments, we provided an algorithm to
mathematically analyze differences of collagen structure
between the healthy dermis and around BCC tumor nests
and to turn these results into visual information. Our find-
ings indicate that the tumor microenvironment, including
the organization of collagen networks may serve as a quan-
titative biomarker of the presence of BCC. The higher col-
lagen orientation observed at the tumor boundary is a result
of the extracellular matrix remodeling induced by local
tumor growth [13]. On the contrary, an isotropic collagen
network with more randomly organized fibers in a healthy
dermis results in lower CO. FFT analysis provides quanti-
tative information of the tumor boundary, complementing
morphological evaluation of conventional histopathology.
In practice, such an approach could guide clinicians in the
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Fig. 3 Stain-free two-photon emission fluorescence (2PEF, orange)
and second-harmonic generation (SHG, magenta) mosaic image of a
deparaffinized micronodular basal cell cancer (BCC) section. Imag-
ing setup is the same as in case of Fig. 1. This figure illustrates that
collagen fibers around anatomical structures, such as around hair fol-
licles can cause false positivity (A) Mosaic image size: 4.62 mm x
4.2 mm. Individual image size in mosaic image: 420 x420 um>. (B)

intraoperative identification of tumor margins in an objec-
tive, operator-independent way.

FFT has already been used to differentiate benign from
malignant tissues according to the organization of collagen
fibers in case of colorectal and breast cancer [13, 14]. They
demonstrated that anisotropic collagen quantified by FFT
indicates malignant dermal remodeling. Our results indicate
that a similar principle is applicable to BCC despite its dis-
tinct growth pattern. As for BCCs, tumor margins are dif-
ficult to assess with dermoscopy, especially in case of the
high-risk subtypes [2]. We experienced similar difficulties in
the infiltrative subtype, but not in the micronodular, another
high-risk subtype. Also, dermoscopic diagnostic criteria for
BCCs are well known, however, distinctive features of dif-
ferent BCC types are still lacking. Only a few studies report
on the dermoscopic features of micronodular BCCs, which
highlight truncated vessels and multiple blue-gray globules
[2]. Recently, clinical-dermoscopic characteristics of infil-
trative BCCs were defined. Distinctive features included
localization on the head and neck, a hypopigmented lesion
with microulceration, shiny white structures and arborizing
vessels as well as telangiectasia [15]. Previous studies on
multiphoton imaging of BCC reported challenging identi-
fication of tumor regions or tumor-stromal interface [6, 7].
Our study demonstrates that quantitative SHG-based FFT
analysis of collagen organization improves objective delin-
eation of tumor borders. Combination with 2PEF provides

Corresponding heatmap of collagen orientation (CO) index with every
field of view divided into 3x3 even unit cells. Higher corresponds
to collagen around the tumor, lower CO indicates healthy connective
tissue. (C) Corresponding hematoxylin and eosin stained histopatho-
logical image. Red arrow: BCC tumor nest, green arrow: hair follicle.
Scale bar displays 200 um

complementary information that enables reliable morpho-
logical identification of the tumor regions and other dermal
structures. These results are in agreement with our previous
observations of increased collagen alignment around BCC
nests [5]. The present study extends these qualitative obser-
vations by providing an automated quantitative methodol-
ogy for tumor border identification.

To date, a routinely used imaging tool in the daily clini-
cal practice for the diagnosis of BCC is dermoscopy, which
provides a 10-fold magnification and inbuilt illumination.
This cost-effective method increases diagnostic accuracy by
5-30% over visual inspection [16]. The polarized or non-
polarized light penetrates through the stratum corneum until
the dermis, and information from the epidermis, as well as
the types of vessels in the upper dermis can be revealed.
However, it is not suitable to establish a diagnosis due to
its limited imaging depth and resolution. Other imaging
techniques are primarily rather used in experimental set-
tings. These include optical coherence tomography (OCT)
which typically operates with near-infrared light that pen-
etrates until the dermis. The interference pattern can be
used in the diagnosis of skin cancer or to assess activity of
inflammatory skin diseases. Its penetration is higher than in
case of nonlinear optical microscopy, but the lateral reso-
lution is usually lower [17]. Reflectance confocal micros-
copy (RCM) operates with a laser beam in the near-infrared
range. The contrast is created by the different refractive
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indices of the intra- and extracellular structures. Similarly
to NLM, a resolution similar to conventional histopathol-
ogy can be achieved and images parallel to the skin surface
are obtained [18]. An advantage of NLM compared with ex
vivo RCM is chemical selectivity. Combination of different
NLM modalities result in multi-colored images, where dif-
ferent colors correspond to distinct structures. Besides SHG
and 2PEF that visualize molecules and macromolecules,
it can be supplemented with dual vibrational-resonance
frequency (DVRF)-CARS imaging that visualizes differ-
ent chemical bonds in a label-free manner. The resolution
of NLM is similar to that of conventional histopathology
reaching 400 p m beyond the skin surface [19, 20].

Our study has several limitations inherent to its small
sample size and the pilot study design. Another limitation
is that due to the 0.2—0.4 mm imaging depth, in vivo tumor
assessment is not feasible with our imaging setup. Due to
the application of distinct devices and softwares, it is yet
not suitable for perioperative diagnosis, small field of view
(0.4x0.4 mm?) and relatively slow data collection (due to
high resolution) limits imaging speed. Collagen thickness
was not assessed, although this may increase the accuracy
of delineation. We could not provide a reliable tool for
quantitative differentiation of adnexal structures from tumor
nests. Further research is needed to optimize imaging and
analytical parameters and to investigate its applicability in
routine clinical practice.

Still, FFT analysis of 2PEF and SHG images poses an
alternative to DVRF-CARS imaging, that also yields stain-
free imaging, similar to H&E staining, but is intricate, costly
and challenging to implement at an industrial scale [9, 21].
These imaging modalities can be integrated in handheld
nonlinear microscope systems [22], comprising a fiber-cou-
pled, cost efficient sub-ps laser source operating at around
800 nm [21], for intraoperative application. Such meth-
ods are much needed for a fast and reliable tumor margin
assessment. With intraoperative imaging of the excised skin
samples, pathological analysis could be executed promptly,
surgical accuracy could be increased, and reoperation rate
could be reduced.
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